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Abstract 
Tool wear concept has been usually related with the loss of tool material. Currently, it must not involve only this way, since 
wear includes all the changes of the tool properties -geometrical and physicochemical- which modify the initial cutting 
conditions. Therefore, tool geometrical alterations can also include material addition. Transfer of cutting material to cutting tool 
during machining process of aluminium alloys, is strongly related with the secondary or indirect adhesion wear mechanisms, in 
form of layer (Built-Up Layer, BUL) onto the tool rake face and/or bulk (Built-Up Edge, BUE) located on the cutting edge. 
High resolution tridimensional models from tested cutting tools have been obtained with Focus-Variation Microscopy (FVM) 
techniques. Adhesion wear parameters have been defined in the FVM images and they have allowed evaluating the wear effects 
on WC-Co cutting tools in the dry turning of UNS-A92024-T3 alloy. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
Aerospace industry has traditionally promoted the development and application of advanced engineering 
materials. The demand for these materials is generally spurred by the performance requirements of a component, 
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which is usually a part of a complex technical system. The key issues to be addressed by advanced materials 
development are properties, manufacturing process and cost associated. In this context, aluminium alloys are 
widely used in transport industry and particularly in the design and production of aerospace components. 
Despite of the decrease in the Aluminium alloy applications, Fig 1, the combination of specific properties, cost, 
years of experience, manufacturing predictable behavior and reliability, couple of recyclability and minimal 
environmental impact, will ensure that Aluminium alloys will have a high influence in aeronautical industry. The 
Aluminium alloys evolution has involved at the same time, a development of removal material process by 
conventional machining, since these are some of the most widespread in aerospace industries.  
 
 
Fig.1. Structural materials distribution by commercial civil aircrafts models, adapted from Karl-Heinz (2010) 
 
Given the need forming under dry machining these alloys -motivated by current environmental protection 
guidelines and laws, Byrne et al. (2003)- very aggressive conditions arising when these alloys are machined. 
Controlling and reducing tool wear effects becomes important issues, since it has strongly effects on the tool life. 
This will consequently lead to significant reduction in tool life and it has direct influence in machined surface 
integrity, such as the loss of workpieces quality, Rubio et al. (2005) to Marcos-Bárcena et al. (2005). That may 
mean that a negative impact on the cost-effectiveness process. In order to ensure profitability processes, an increase 
of tool life must be taken into account. 
Tool wear has been usually related with the loss of tool material. Currently, it must not involve only this sense, 
since wear includes all the changes of the tool properties, geometrical and physicochemical, which modify the 
initial cutting conditions. Therefore, tool geometrical alterations also include material addition to the cutting tool. 
Adhesion wear mechanism, and in particular secondary or indirect adhesion wear, is estimated as the main wear 
mechanism that takes place when aluminium alloys are machined, Carrilero et al. (2002) to Gómez-Parra et al. 
(2012).  
According to this wear mechanism, in the first instants of machining process, a thin layer of material is formed 
with a composition close to the pure aluminium onto the rake face, giving rise a primary Built-Up Layer (BUL), 
initially formed and developed by thermo-mechanical process, Carrilero et al. (2002) to Sánchez et al. (2005). 
Afterwards, once the primary BUL is formed, the changes on the tool promote the Built-Up Layer (BUE) formation 
by a mechanical adhesion process. BUE is located in the tool edge and with composition similar to the machined 
alloy, Carrilero et al. (2002) to Gómez-Parra et al. (2012). Then, a secondary BUL is developed by BUE extrusion 
over the primary BUL, Gómez-Parra et al. (2012) and Batista et al. (2010). A cyclic dynamic and unstable process 
is typically involved in BUL and BUE formation and it is constantly repeated throughout the cutting process. In the 
first place, including the initiation at the tool-chip interface, the adhered material thickness grows to a critical size 
with irregular geometry, and then, is extruded by the chip. Finally, the breakage of the material adhered can be 
produced, Gómez-Parra et al. (2012) and Ning-Fang et al. (2010). Consequently, when this adhered material is 
periodically removed, it can drag out tool particles, causing other types of wear. 
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Until now, a generalized lack is observed in studies about BUL and BUE assessment in the aluminium alloy 
machining, mainly due to the difficulty found in characterizing and quantifying thereof. Most relevant studies are 
focused in setting, monitoring and analyzing indirect output process variables or through their influence on 
machining parts quality, Gómez-Parra et al. (2012) and Batista et al (2010). 
In this work a metrological methodology based on quantitative parameters has been proposed in order to 
characterize and define the secondary adhesion wear effects on WC-Co cutting tools in the dry turning of UNS-
A92024-T3 alloy. Particularly, high-resolution tridimensional models have been obtained from tested cutting tool, 
using Focus-Variation Microscopy (FVM) techniques. In addition, 2D profiles analysis has allowed evaluating the 
surface morphology of the material adhered located in the tool edge, in form of BUE and/or in the tool rake face in 
form of BUL. That methodology allows evaluating and comparing the tool wear under the machining conditions 
established. 
2. Experimental procedure 
Cylindrical bars of UNS-A92024 (Al-Cu) Aluminium alloy in T3 temper state have been used as workpieces 
material in the cutting tests. The nominal mass percent composition has been included in Table 1. 
Table 1. UNS A92024 Al-Cu alloy composition by weight in mass (wt %). 
Cu Mg Mn Zn Si Fe Ti Cr Al 
3,8-4,9 1,2-1,8 0,3-0,9 0,25 0,5 0,5 0,15 0,1 Rest 
 
In order to avoid complexities related with piece-tool geometrical features, the study realized has been carried 
out by horizontal dry turning test performed on a lathe EmcoTurn CNC, equipped with EmcoTronic TM02 control, 
Fig. 1. (a). Uncoated tungsten carbide (WC-Co) insert turning tools SECO® with ISO DCMT 11T308-F2-HX 
reference were used as cutting tools, Fig.1 (b). To carry out the turning test, a range of cutting parameters have 
been established, commonly employed in several stages of manufacturing process of aerospace components, Table 
2. After every turning test, the tool was changed in order to ensure the same initial starting conditions.  
Table 2. Cutting parameters.  
Cutting speed v (m/min) 50,00 100,00 150,00 200,00 
Feed f (mm/rev) 0,05 0,10 0,20 0,30 
Cutting depth d (mm) 1 
 
To evaluate the tool wear under a metrological standpoint, an optical tridimensional measurement system 
Alicona InfiniteFocus IFM G4e has been used, Fig. 2. This non-destructive measurement device is based on 
Microscopy Focus-Variable (MFV) technology, recently added to the latest ISO standard 25178-6 for classifying 
surface texture method. The operating principle of Focus-Variation combines the small depth of focus of an optical 
system with vertical scanning, to provide topographical and real color information of complex surfaces with 
intricate details, Leach (2011) and Danzl et al. (2011).  
A metrological wear analysis has been conducted through high-resolution 3D models captured on the rake face, 
before and after conducting the turning test. Fig. 3 shows the scheme of the methodology designed and developed 
on the experimental procedure. Once the both models of the same tool have been obtained and accurately aligned, 
using the unused tool like a reference, a new model is obtained by subtraction method, which provides information 
about changes on the cutting tool in form of deviations (worn 3D model). Therefore, secondary adhesion wear 
presented as BUL and BUE it is shown. Fig. 3 also provide a sample of subtraction or difference measurement, 
particularly the tool tested with v=50 m/min, f=0,30 rev/min and d=1 mm. 
Main influence variables involved in the capture of 3D models of the tool, before and after turning test, have 
been analyzed, with the aim to guarantee the accuracy and quality of the measurement. It was used a microscope 
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objective 20X magnification, white LED light coaxial modulated source of high intensity, as well as vertical and 
lateral resolution are, respectively, 1 μm and 3 μm. 
Fig. 2. (a) Horizontal lathe EmcoTurn 242;  (b) Turning tool dimensional and geometrical features.
 
 
 
Fig. 3. (a) Focus-Variation Microscopy, Alicona Infinite Focus IFM G4e; (b) Tool measurement detail. 
 
The measurement range established under the tools (x, y, z), is composed recording a matrix by 3D singles 
models (4 rows and 8 columns) which are aligned in a rectangular area, then merged into one 3D extended capture 
(32 singles captures), reproducing the study area onto the rake face tool. Thus, the range evaluated on the tool was 
defined by lx=2590 μm (x axis length), ly= 3710 μm (y axis length). Nevertheless, lz (z axis length) is constrained 
by the wear intensity on the tools after every turning test. 
3. Results and discussion 
From the methodology carried out in the experimental procedure, an analysis of the evolution of the secondary 
adhesion wear has been conducted, subject to the conditions and range of cutting parameters previously established 
(v, f, d). As it has been mentioned, the 3D model worn tool, obtained by subtraction and difference measurement, 
provides information about the material adhered by adhesion wear in form of BUL and BUE. Therefore, with the 
aim to quantify it, material adhered volume parameter (V+) is defined.  
The wear evolution in terms of V+ and the influence of the cutting parameters, for each turning test, on the 
secondary adhesion wear formation can be observed in Fig.4. As a result of a first analysis, based on the 
experimental and analytical results, it shows that an increase of feed involves a widespread increase of adhesion 
wear intensity, Fig. 4 (a). This phenomenon can be seen in the test with cutting speed of 50 m/min and feed 
ranging from 0.05 mm/rev up to 0.30 mm/rev. It is also possible to show graphically as the material adhered 
volume increase significantly when feed is increased, Fig. 5. Thus, this observation also proved how the adhered 
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material surface morphology changes, as well as their distribution onto the rake face and cutting edge, consequence 
of the evolution of BUL and BUE and their formation mechanism. Independent of the cutting speed applied at 
lower feed tool wear is not severe. 
 
Fig. 4. Scheme of the proposed methodology followed on the experimental procedure,  v=50 m/min, f=0,30 rev/min, d=1 mm. 
 
There are noticeable differences, when tool tested with feed relatively low and intermediate, 0.05 and 0.20 mm/ 
rev respectively, BUE thickness on the cutting edge is nearly nonexistent in short dry turned machining test (t=10 
s). In the opposite way, BUE reaches a thickness close to 210 μm for insert tool tested with feed of 0.30 mm/rev. 
The percentage of surface damaged onto the rake face, induced by BUL-BUE development, depends strongly on 
feed applied. The increase of secondary wear intensity when lower cutting speed remains constant in dry turning 
test, may be related to the low thermal conductivity of the cutting tool employed and high temperatures reached in 
the workpiece-tool interface, both collaborating with secondary adhesion wear mechanism effects, Gómez-Parra et 
al. (2012).  
Moreover, it should be pointed out that the feed favors the secondary adhesion wear, in good agreement with 
Gómez-Parra et al. (2012), also the amount of adhered material located on the cutting edge and rake face. More 
dispersed values of material adhered volume are found when the feed applied increases. At cutting speed from 100 
mm/rev up to 200 mm/rev, regardless of the feed applied a stable trend is noticed, although this hypothesis is not 
observed in the test with cutting speed of 200 m/min and feed of 0.20 mm/rev. The singularity of this fact was 
detected in similar studies, Carrilero et al. (2002). 
Cutting speed seems to have a significant influence in the amount of adhered material in form of BUL and 
BUE. It can be seen that, in general terms, when cutting speed increase, intensity of secondary adhesion wear also 
increase, except on the test with feed of 0.30 mm/rev, where this trend involve a adhered volume decrease. Notice 
as boundary cutting speed, 50 and 200 m/min, present high variability of volume of material adhered. 
Nevertheless, at intermediate cutting speed of 100 and 150 m/min, the opposite behavior is observed. At feed of 
0.05 and 0.10 mm/rev, the cutting speed do not have a marked influence on wear. 
Fig. 4 reveals that volume parameter (V+) offers wide information about the intensity of secondary adhesion 
wear. Even though, it lacks information relative to the distribution and morphology of the material incorporated 
onto the rake face and cutting edge. Fig. 5 shows the results of a morphology comparative analysis of the material 
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adhered using the software Talymap Platinum from Taylor Hobson. The material adhered on the tools were 
characterized from two-dimensional form profiles, which were extracted tracing profiles through the cutting edge 
and parallels to the chip flow direction, on every the tool before and after conducting the turning test. Tools with 
higher and lower wear intensity has been plotted, Fig. 5 (a) and (b) are consequence of the evolution of BUL and 
BUE and their formation mechanism. Comparing both tools, as it can be seen the amount and morphology of the 
adhered material provoke several modifications in the initial tool geometry, where the cutting parameters analyzed 
have relevance in the wear process. 
 
Fig.5. (a) Volume of adhered material (V+) as a function of feed (f); (b) Volume of adhered material (V+) as a function of cutting speed (v) 
 
Fig.6. Morphology map of secondary adhesion wear in form of  BUL-BUE, v= 50 m/min, feed rate (f) are indicated 
 
Fig. 7 (c), shows the tool tested with cutting conditions of v=200 m/min and f=020 mm/rev. As it can be 
observed in this figure, when the distance from the cutting edge increases, the intensity of wear also increases 
(BUL and BUE thickness). Particularly, BUE thickness represents only 20% of the secondary BUL thickness. This 
phenomenon can be explained by the cyclic and unstable nature that surround the BUL-BUE formation, Gómez-
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Parrra et al. (2012) and Ning-Fang (2010). Probably, some instants before the turning test were finished, BUE 
grows until a critical thickness and, even, the chip movement could have pulled it out. There are evidences of 
stratified layers in form of secondary BUL on the rake face, in good agreement with Gómez-Parra et al. (2012). 
Comparing Fig. 7 (a) and (c), it can be observed similar intensity of adhesion effects in terms of V+, though there 
are noticeable differences in the adhered surface morphology and geometry.  
Fig.7. Comparative analysis of the material adhered as BUL-BUE
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4. Conclusions 
In this work, a metrological methodology has been developed in order to evaluate the BUL and BUE wear 
effects, which have been estimated as the main wear mechanisms that take place when aluminium alloys are 
machined.  
To evaluate the tool wear under a metrological standpoint, a Microscopy Focus-Variable (MFV) technology has 
been used, obtaining high-resolution 3D models of the worn tool by subtraction method. 
A quantitative parameter was proposed to realize a comparative analysis of the wear, in terms of adhered 
material volume. This parameter, allows compare tools tested with different cutting parameters, and determine 
which cutting parameters have most influence on the machining process.  
On the other hand, the material adhered on the tools were characterized from two-dimensional form profiles, 
which were extracted tracing profiles through the cutting edge and parallels to the chip flow direction, on every the 
tool before and after conducting the turning test. The study based in form profiles offers additional information 
about the morphology and distribution of the adhered material on the damages surfaces on the tool. 
Thus, volume parameter, morphology analysis by two-dimensional profiles, couple of singularities of Focus-
Variation Microscopy used in this study, allow guarantee the suitability of the methodology developed to evaluate 
and quantify the effects of secondary adhesion wear. 
The results obtained shown that the adhered material volume is strongly related with the cutting speed, while 
the feed has an effect on the intensity and the velocity formation of the wear effects (BUL and BUE). 
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